Glass-based microchannel chips were fabricated using photolithographic technology, and Pt thin-film microelectrodes as dielectric biosensors were integrated on them. From capacitance-frequency measurements at various interelectrode distances and ionic concentrations, a significant difference between deionized (DI) water and tris-ethylenediaminetetraacetic acid (EDTA) (TE) buffer was observed in the low-frequency region. Although the capacitance (C M ) of the DI water decreased as the interelectrode distance increased, that of the TE buffer was similar up to a frequency of 100 Hz, after which it was spilt in the same manner as the DI water above 100 Hz. As the ionic concentration increased, the C M of the TE buffer increased and the slope in the low frequency region changed from À0:875 to À0:425. The point where the slope changed shifted towards the frequency increase. These observations were clarified from the viewpoint of interfacial phenomena, such as the electrical double layer and Faradaic reactions, the dielectric constant related to conductivity, and the capacitance inversely proportional to the interelectrode distance. The addition of deoxyribonucleic acid (DNA) molecules (10 ng/ml) increased the capacitance and dielectric loss in the TE buffer at low frequency. It is feasible to use dielectric properties for the rapid and direct detection of biomolecules, particularly DNA molecules, without using labels or indicators.
Introduction
When the concept of a ''Micro-Total Analysis System'' (TAS) was proposed by A. Manz et al., 1) it was envisioned as a new concept for analytical devices. The small size had the advantage of consuming less carrier, reagent and mobile phase. The main reason for miniaturization was to enhance the device's analytical performance rather than to reduce its size. Moreover, the TAS scheme enabled the integration of separation techniques that could monitor many components within a single device.
The detection method most commonly used for microfluidic platforms is laser-induced fluorescence (LIF) because it provides exquisite sensitivity with detection limits approaching the single-molecule level. [2] [3] [4] Unfortunately, most LIF systems are not appropriate for developing TAS because of the relatively large size of detector components compared with the size of the microfluidic device. LIF also requires analyties that either show intrinsic fluorescence or readily associate either covalently or noncovalently with labeling chromophores. In regard to overall miniaturization, LIF was not ideal; and not surprisingly, much work is currently focused on electrochemical methods, such as voltametry, amperometry, and potentiometry. [5] [6] [7] [8] [9] The attractive features of electrochemical detection include the simple instrumentation required to carry out detection and the favorable sensitivity and limits of detection it offers. Because the electrical signal is directly converted into the electronic domain via simple electrodes, the overall system can be more compact, and the goal of miniaturization can be driven further. However, for amperometric detection, the target material must be intrinsically electroactive. If it is not, an electroactive species must be appended to the target molecules. For voltametric detection, the use of the threeelectrode structure in a potentiostatic setup overcomes the problems of reference degeneration. For potentiometric detection, the problem of integrating a stable and reliable reference system remains the main obstacle. Although the conductivity sensor lacks intrinsic selectivity, the simplicity of the sensor and the absence of problems in integrating the reference system make that sensor more attractive than others.
Over the past few decades, there has been considerable interest in the dielectric analysis of aqueous solutions containing various ions, ion concentration, and biomolecules, etc. [10] [11] [12] [13] It is possible to use the dielectric properties responsible for signal generation due to either changes in the dielectric constant or shifts in the dielectric loss for a biosensor. Although the dielectric sensor is similar to the conductivity sensor, the former differs from the latter in many respects, such as the extracted electronic signal and the sensing mechanism.
This article describes the fabrication of glass-based microchannel chips with Pt thin-film microelectrodes. We focus on the evaluation of dielectric sensors for microfabricated analytical devices for the rapid and direct detection of biomolecules, particularly deoxyribonucleic acid (DNA) molecules, without the need for hybridization, labels or indicators to enhance or amplify the signal. Figure 1 shows the layout and dimensions of the glass devices studied, which consisted of a capillary channel and coplanar dielectric sensors. Coplanar electrodes can be easily patterned at very small dimensions yielding miniaturized, reproducible, and ultimately low-cost devices. However, if a two-dimensional planar structure is used, the fringing effect due to nonuniform field distribution is not negligible, 14) and it is exclusively dependent on the electrode configuration. Two types of coplanar dielectric sensors were designed: type I had four electrodes (150 mm wide with 150 mm intervals), and type II had two electrodes (150 mm wide with 450 mm intervals). With the type-I device, the interval effect on the dielectric sensor was studied, and the possibility of DNA detection was evaluated using the type-II device. Figure 2 illustrates the microfabrication process using standard photolithographic technology. 15, 16) Fabrication of the glass-based microchannel was as follows [ Fig. 2(a) ]. Initially, a Corning 7740 Pyrex glass (Corning Co., New York, USA) wafer was cleaned with piranha solution (H 2 SO 4 (%) : H 2 O 2 (%) = 3 : 1) for 10 min. It was then rinsed in deionized (DI) water and blown dry with nitrogen gas. The poly-silicon (200 nm) mask for hydrofluoric acid (HF) etching was deposited on wafers using lowpressure chemical vapor deposition (LPCVD). Before photoresist (PR) coating, hexamethlysilane (HMDS) was used to improve PR adhesion. The wafer was coated with the AZ4620 PR (Clariant, Muttenz, Switzerland) using a spin coater at 4000 rpm for 40 s and then baked on a hot plate at 95 C for 2 min. The UV lithography was processed using a mask aligner (EV620, Electronic Visions, Schaerding, Austria) with an exposure dose of 180 mJ/cm 2 for 12 s. The PR development was accomplished in 70 s by immersing the exposed substrate in a developer solution (AZ300MF, Clariant, Muttenz, Switzerland). The resulting PR patterns were then hard-baked in an oven at 110 C for 1 h to harden the unexposed PR. The pattern was transferred into the poly-silicon using CF 4 radio-frequency (RF) plasma in reactive ion etching (RIE). After PR removal with acetone, the channel structures were etched into the glass using 49% HF solution. The polysilicon layer was removed by a mixture of etchants (HNO 3 : DI : HF = 100 : 40 : 3). The resulting depth and width of the microchannels were 29.5 mm and 100 mm, respectively. Holes for sample inlets, outlets and electrode contacts were drilled using sand blast methods (Fuel Cell Powers Co., Korea).
Materials and Methods

Device design and fabrication
The lift-off sequence for Pt-based dielectric sensors was as follows [ Fig. 2(b) ]. The image reversal process was performed to generate an undercut profile for lift-off. The glass wafer was coated with AZ5214 PR (Clariant, Muttenz, Switzerland) and then soft-baked on a hot plate at 95 C for 2 min. The PR layer was exposed using EV620, and the wafer was baked on a hot plate at 110 C for 3 min. The subsequent flood UV exposure was carried out and then the patterned photoresist layer was developed. The Pt electrodes were fabricated first by sputtering 20 nm of Ti as the adhesion layer, followed by 200 nm of Pt (Inostech Co., Korea). The wafer was then immersed in acetone (99.99%) to lift off the metal around the electrodes and rinsed in distilled H 2 O. If necessary, ultrasonication was used to accelerate the process. Finally, both microchannel and dielectric sensor wafers were fusion-bonded at 550 C for 30 min (BNP Co., Korea). Perfect sealing of the microchannels was observed (not shown in the figure), although electrodes protruding from one surface might interfere with glass-to-glass bonding.
Reagents and detection apparatus
The 1ÂTE buffer from the Bioneer Co. was composed of 10 mM of Tris-HCl and 1 mM of ethylenediaminetetraacetic acid (EDTA). -DNA from the Promega Co. was 48,502 bp in size; it was provided in 10 mM Tris-HCl and 1 mM EDTA. -DNA was dissolved in the 1ÂTE buffer solution; its concentration was 10 ng/ml, approximately 0.015 mM in base-pair concentration. DI water, TE buffer and -DNA solution were prepared to measure dielectric properties in a microchannel. The TE buffer is usually used for capillary electrophoresis. The measurement setup consisted of a Solartron 1260 with a 1296 dielectric interface (Solartron Analytical, Hamphire, UK) and a personal computer. The Solartron 1260 was a frequency response analyzer (FRA), which was connected to an IEEE 488 GPIB interface on a personal computer. The 1296 dielectric interface enhances the capabilities of the 1260 FRA to cope with an ultralow current of less than 100 mA and capacitance levels less than 1 pF. This combination can make impedance measurements that exceed 100 Ts. The sample was also screened to keep out interference using a Faraday cage. Specially developed impedance software (Solartron Analytical, Hamphire, UK) was used to measure capacitance. The FRA measures both the absolute value of capacitance and the dielectric loss while sweeping the frequency between 1 Hz and 10 MHz. The important parameters and experimental conditions are listed in Table I . The capacitance of the DI water and 10ÂTE buffer decreased rapidly as frequency increased. This phenomenon is called the dielectric dispersion of an aqueous solution. For all frequencies, the capacitance of the TE buffer was higher than that of the DI water. As the frequency increased from 1 Hz to 10 kHz, the slope of the plot from DI water was unchanged (À0:875), while that of the TE buffer changed from À0:425 to À0:85. The slope is the exponent describing the manner by which capacitance varies with frequency. This means that, if the slope is near À1, the capacitive component of a system is near 0 from Fricke's law. 17) The interval effect of a dielectric sensor is also shown in Fig. 3 . A significant difference between the DI water and the TE buffer was observed in the low-frequency region. Although the capacitance (C M ) of the DI water decreased as the interelectrode distance increased, that of the TE buffer was similar up to a frequency of 100 Hz, and after which it was split in the same manner as the DI water above 100 Hz. This behavior indicates that the C M of the TE buffer is not dependent on the change of interelectrode distance below 100 Hz. Figure 4 shows the Bode plots of capacitance against frequency for various TE buffers in which the interelectrode distance was 450 mm. As the ionic concentration increased, the C M of the TE buffer increased and the slope in the low-frequency region changed from À0:875 to À0:425. The point where the slope changed shifted towards the frequency increase. This behavior means that the addition of ions and molecules is related to the capacitive component of the electrode-electrolyte interface in the lowfrequency region. Capacitance saturation was observed and the saturation point also was shifted in the direction of the frequency increase.
Results and Discussion
Type-I device
Generally, the equation of capacitance between two electrodes in reality is expressed as 14) C
where is the correction factor for the fringing effect due to nonuniform current-line distribution; "" 0 , the absolute dielectric constant of the sample; S, the electrode area, and d, the distance between electrodes. The interelectrode distance is only mentioned because is exclusively dependent on the electrode configuration and geometry. We expect that the capacitance between Pt thin-film microelectrodes increase with decreasing interelectrode distance. However, our expectation does not coincide with results below 100 Hz shown in Fig. 3(b) . It is inferred that, in the low-frequency region, the capacitance of the TE buffer is governed more by the capacitive component of the electrode-electrolyte interface (extrinsic capacitive component) than by that of the TE buffer (intrinsic capacitive component). It is necessary that the interfacial phenomena at an electrode-electrolyte interface are correlated with the observed results for interpretation. Because the current carrier in the metal is an electron, whereas that in the solution is an ion, significant contact impedance may exist between a metal electrode and an electrolytic solution. Two mechanisms are possible to force a current to flow into a solution. 14, [18] [19] [20] [21] [22] [23] The first mechanism is to capacitively couple an alternating electric field to the solution, which forces ions to drift along with the driving force. Ions accumulate on the metal electrode to maintain electrical neutrality. This electrostatic phenomenon is electrically represented by the electrical-double-layer capacitance, C Dl . The electrical double layer consists of an adsorbed fixed layer and a diffuse mobile layer. The charge of the ions in the adsorbed fixed layer is thought to be concentrated at a distance of approximately 10
A from the electrode surface as determined by the radius of the hydrated ions. This adsorption layer can be modeled as a normal capacitor, which we designate C ads , independent of the ion concentration. The diffusive layer exists because a finite amount of charge is present in the fixed layer, and the charge neutrality of the electrical double layer must be maintained. The equation for diffusive capacitance is expressed as [18] [19] [20] 22) 
where A is a constant, z the valence of the ion, e the electron charge, C i the ion concentration (M), N A the Avogadro's number, "" 0 the absolute dielectric constant of the sample, k the Boltzman constant, and T the absolute temperature. The C Dl is made up of C ads and C diff , and these capacitances are connected in series:
If the electrolyte is very dilute, C ads ) C diff and C Dl % C diff . On the other hand, when the solution is very concentrated, C ads ( C diff and C Dl % C ads . 18, 22) In our study, the former case may be appropriate for discussion because the ionic concentration ranged from 0.01 mM to 10 mM. C Dl is sensitive to changes in ionic concentration, and in our study it increases as ionic concentration increases. The second mechanism is charge transfer across the interface as a result of electrochemical reactions. Electrons migrate from the electrode to the solution (or the reverse) oxidizing or reducing the ions from the electrolyte. This creates an electric current, the Faradaic current, i F , which can be expressed as 18) i
where i a is the partial anodic current, i c the partial cathode current, F the Faradaic constant (¼ 96500 C/mol), k a the rate constant of the anodic reaction, k c the rate constant of the cathodic reaction, [Ox] the concentration of the oxidized species, and [Red] the concentration of the reduced species. An impedance called the Faradaic impedance (Z F ) describes the electrochemical behavior of the interface. If ionic concentration increases, reaction rate increases and Faradaic current increases. Z F decreases as ionic concentration increases, and it is inversely proportional to capacitance if the impedance is composed only of the capacitive component. We speculate that the decrease in Z F is one source of the increase in C M , but further investigation of the electrochemical behavior is required. In summary, the C Dl forms a path in parallel with Z F from the viewpoint of electronic circuits. Both C Dl and Z F at the electrode-electrolyte interface have an important role in the interpretation of capacitance in the low-frequency region. In the lowfrequency region, especially below 100 Hz, the interfacial effect between Pt thin-film electrodes and the aqueous solution dominated the capacitance of the 10ÂTE buffer, but did not dominate that of the DI water. Therefore, the addition of ions and molecules increased capacitance due to a diffuse mobile layer and an electrochemical reaction at the electrode-electrolyte interface. If less time to charge the electrical double layer and to occur Faradaic reactions is chosen, the capacitance of the electrode-electrolyte interface may be minimized. The highfrequency signal reduces the extrinsic capacitive component and is negligible when compared with that of bulk solution capacitance, the intrinsic capacitive component. 23, 24) The high-frequency capacitance is related to the conductivity of bulk solutions, and the imaginary part of complex capacitance is a function of the conductivity of bulk solutions. The dielectric constant is expressed as 25, 26) 
where " 0 is the real part, " 00 the imaginary part, 0 the steadystate conductivity arising from mobile ions, and d ð!Þ the frequency-dependent conductivity arising from dielectric polarization. The constant indicates that the change in conductivity is directly proportional to the change in dielectric constant. The capacitance difference between the DI water and the TE buffer results from differential constituents, which affect the dielectric constant. We infer that, if the conductivity increases, the dielectric constant increases. However, this speculation may be useless in the case in which the applied pulse frequency exceeds the value of conductivity. At any rate, an increased conductivity due to the addition of ions and molecules may be the source of the increased capacitance in the TE buffer shown in Fig. 4 . The saturation point also seems to be related to the ionic concentration of the TE buffer. However, part of the electronic signal flows directly from one electrode to the other through the surrounding glass substrate, bypassing the actual detection volume. This signal is described as parasitic capacitance and is due to the capacitive cross talk between the electrodes on the chip. It may also be added that the double layer, which is different from the electrical double layer at the electrode-electrolyte interface, is formed on a silica surface in contact with an aqueous medium. The surface of silica in contact with an aqueous medium at a pH no lower than 2.5 is charged negatively, and the positive charge is physically localized within a very narrow zone close to the surface. It is possible that the capacitance of this double layer has an effect on that of aqueous solutions. Thus, the capacitance due to generic leakages between the electrodes must be considered in the fabrication and evaluation of dielectric sensors with good performance and high sensitivity, but the entire matter is not quite that simple. We describe equivalent circuits for our systems to explain operation in Fig. 5 .
Type-II device
Based on a consideration of these results, the possibility of label-free DNA detection in a fixed system was evaluated. Figure 6(a) shows the frequency dependence of capacitance for the DI water, 1ÂTE buffer, and 1ÂTE-buffered DNA solution. However, although the C M of the DI water was saturated at approximately 5 Â 10 À13 F (0.5 pF) above 10 kHz, those of the TE buffer and TE-buffered DNA solution declined continuously. The capacitance difference between the TE buffer and TE-buffered DNA solution decreased as the AC frequency increased and was constant above 10 kHz. However, although the amount of -DNA molecules was tiny (10 ng/m'), the magnitude of the TEbuffered DNA solution was approximately ten times larger than that of the TE buffer in the low-frequency region. Figure 6(b) shows the frequency dependence of the dielectric for the DI water, 1ÂTE buffer, and 1ÂTE-buffered DNA solution. Figure 6 (b) shows the energy dissipation taking place in the irreversible process. However, there was one primary peak in the DI water, while two primary peaks appeared in the TE buffer and TE-buffered DNA solution. At 100 kHz, the peak position and height in the TE buffer and TE-buffered DNA solution were similar; at low frequency, however, there was a difference: namely, the peak height in the 1ÂTE-buffered DNA solution was larger than that in the TE buffer, and the peak position in the former is shifted slightly to the left of the latter. However, the exact position in the former was not observed due to the limitation of the frequency used. In addition, the former peak was broader than the latter. This means that the addition of -DNA molecules results in an enhanced energy dissipation and the retardation of dielectric relaxation in the low-frequency region.
Although DNA molecules possess no permanent dipole moment, a moment is induced when an external field is applied to charged molecules such as DNA. The induced moment arises from the migration of ions over individual subunits and over the length of the molecule. The resulting induced dipole experiences a torque that tends to align itself with the external field. The dipole formation and alignment processes require a finite time. Such relaxation of DNA in solution occurs in the low-frequency region below 1-10 kHz.
It is characterized by a large dielectric increment whose magnitude is dependent on the size of the DNA molecule. 10, 13) We speculate that the enhanced capacitance due to the addition of -DNA molecules is related to their induced large dipole moment. The nonspecific ionic strength of the DNA in buffer may also be the source of the enhanced capacitance because the -DNA molecule has a large ionic charge. From the observed results and speculations, we conclude that the large induced dipole moment and nonspecific large ionic strength of the -DNA molecule results in an increase in the diffusive layer capacitance at the electrode-electrolyte interface and then in a total capacitance increase.
The reciprocal of the peak frequency represents the time scale of the energy dissipation process and is defined as the characteristic relaxation time. Because each water molecule has an electric dipole moment and its motion is largely controlled by the hydrogen-bond network, the dielectric relaxation is one of the most fundamental properties that characterize the dynamics of water. Although the mechanism is still controversial, the Debye mechanism, invoking a single-molecule reorientation process or translational motion of water, and a non-Debye relaxation, due to the collective motions of water molecules, have been suggested and studied. 26, 27) However, the reported relaxation time scale is beyond the frequency range in our study. Although the relaxation behavior of the DI water is unclear, we suggest that the observed relaxation behavior of DI water is related to energy dissipation in the double layer at the electrodewater interface, the double layer at the glass-water interface, or to generic leakages. The relaxation behavior of the TE buffer and TE-buffered DNA solution in the low-frequency region may involve charging the electrical double layer at the electrode-electrolyte interface, which is the oscillation of the diffusive layer with AC signals. Because -DNA molecules have large induced dipole moments, nonspecific ionic strength and size, the local structure of the TE buffer is changed, and then the change affects the diffusive layer at the electrode-electrolyte interface. This results in an enhanced energy dissipation and a retardation of the relaxation time in the low-frequency region. In contrast, the relaxation behavior of the TE buffer and TE-buffered DNA solution at high frequency may be related to the ion motion in bulk solutions as opposed to electrode-electrolyte interfaces. The ions undergo two types of motion: one is local fluctuation, and the other is long-range diffusion. 18, 26, 28) According to the observed time scale, the former is more suitable than the latter, because the small-scale structural fluctuation causes a rapid change in the response to external electronic signals. We conclude that the relaxation behavior of electrolytes in the low-frequency region is due to the oscillation of the diffusive layer at the electrode-electrolyte interface and that in the high-frequency region is due to the local fluctuation of ions and molecules in entire solutions. This is a preliminary research on the application of a capillary electrophoresis (CE) chip to separate same-sized DNA amplicons from a DNA mixture such as polymerase chain reaction (PCR) product. When a high voltage is applied between the inlet and outlet of a CE chip, each DNA fragment of a different size starts to move with a different velocity, which depends on the net charge and mass of the DNA. Finally, DNA molecules of the same size are separated by forming a narrow band in the microchannel. Actually, the microchannel is filled with TE or tris-borate-EDTA(TBE) as a running buffer in the CE chip, and a DNA band formed in the microchannel corresponds to the TEbuffered DNA solution at a very high concentration. In the experiment, we used the TE buffer and TE-buffered DNA solution at a concentration of 10 ng/ml, which is the typical level of the DNA band concentration in CE. From the discrimination between the TE buffer and the TE-buffered DNA solution in our study, we infer that dielectric spectroscopy is a feasible candidate for the rapid and direct detection of the DNA band in CE.
Conclusion
Glass-based microchannel chips were fabricated using photolithographic technology, and Pt thin-film microelectrodes, as dielectric biosensors, were integrated on them. From capacitance-frequency measurements at various interelectrode distances and ionic concentrations, a significant difference between the DI water and the TE buffer was observed. This was discussed from the viewpoint of interfacial phenomena, such as the electrical double layer and Faradaic reactions, the dielectric constant related to the conductivity, and the capacitance inversely proportional to the interelectrode distance. From the nondependence of capacitance on interelectrode distance in the low-frequency region of the TE buffer, we focused on the electrodeelectrolyte interface and explained the behavior observed using the double layer model and Fradaic reactions. The addition of ions and molecules increased capacitance due to the diffusive mobile layer and the Faradaic reaction at the electrode-electrolyte interface. The addition of DNA molecules (10 ng/ml) resulted in an increase in capacitance and dielectric loss in the TE buffer at low frequency. It is feasible to use dielectric properties for rapid and direct detection of biomolecules, particularly DNA molecules, without the addition of labels or indicators. However, further investigations are required to obtain reliable dielectric sensors for specific application to DNA detection.
